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line (DMPC) large unilamellar vesicles (LUV), an indication that ibuprofen molecules locate in the head polar
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increasing structural perturbation to DMPC bilayers; e) differential scanning calorimetry (DSC) data showed
that ibuprofen was able to alter the cooperativity of DMPC phase transition in a concentration-dependent
manner, to destabilize the gel phase and that ibuprofen did not signiﬁcantly perturb the organization of
the lipid hydrocarbon chains. Additionally, the effect on the viability of both human promyelocytic leukemia
HL-60 and human cervical carcinoma HeLa cells was studied.+56 41 2245974.
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Nonsteroidal anti-inﬂammatory drugs (NSAID) have been satis-
factorily used for decades in the treatment of inﬂammatory or
rheumatic disorders and as common pain-killers. All NSAID inhibit
cyclooxygenase, reducing the endogenous production of mucosal
prostaglandins that are inﬂammatory mediators. Many inﬂammatory
phenomena are correlative with the surfacemembranes' properties of
cells that also act as a barrier encountered during the treatment
process [1]. Some effects of the surface active drugs on membranes,
such as organization, ﬂuidity and permeability changes, membrane
disruption and even solubilization are often involved in the toxic side
effects of drugs [2]. Unfortunately, gastrointestinal side-effects are
associated with NSAID therapies [3]. In fact, NSAID result in gastric
mucosal damage, mucus secretion inhibition, structure and viscosity
modiﬁcation, and reduced surface hydrophobicity by altering the
phospholipid composition [4].Ibuprofen (2-(4-isobutylphenyl) propionic acid, Fig. 1) was the
ﬁrst NSAID to be commonly used for the treatment of pain and
inﬂammation [5]. It is among the most frequently applied therapeutic
agents all over the world [6]. It is one of the most potent orally and
highly active NSAID, widely used in the treatment of osteoarthritis,
rheumatoid arthritis, muscle pain and recent surgery [7,8]. In most of
the countries it is available as a prescription and over the counter
(OTC) drug in spite of its high gastrointestinal toxicity [9] and
association with acute hepatic failure [10]. This drug is characterized
by a better tolerability than other NSAID [11]. It is an amphiphilic,
crystalline stable solidwithmolecular weight 206.3 [12] and relatively
insoluble in water; solubility increases from 0.078 g/dm3 at pH 4 to
291 g/dm3 at pH 8; its pKa value is 4.55 at room temperature [13].
Because biomembranes are highly complex, there has been extensive
interest in employing simplemodels tomimic biological cellmembranes,
including lipid vesicles, Langmuir–Blodgett monolayer, cast lipid ﬁlm,
bilayer lipid membrane, supported lipid bilayer membrane, etc. [1].
Among a large variety of relevant biological functions, the cellmembrane
acts as a diffusion barrier and protects the cell interior. The structure and
functions of the cell membrane are susceptible to alterations as a
consequence of interactions with extrinsic chemical species. With the
Fig. 1. Structural formula of sodium ibuprofen.
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ibuprofen with cell membranes we have utilized human erythrocyte
membranes andmolecular models of red blood cell membranes. Human
erythrocytes are an ideal cell system for studying basic drug–membrane
interactions, because they are composed of only onemembrane andhave
no internal organelles [14]. On the other hand, although less specialized
than many other cell membranes, they carry on enough functions in
common with them such as active and passive transport, and the
productionof ionic andelectric gradients, tobe considered representative
of the plasma membrane in general. The molecular models of cell
membranes consisted of dimyristoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylethanolamine (DMPE) bilayers, representative
of phospholipid classes located in the outer and inner monolayers of cell
membranes, particularly of the human erythrocyte, respectively [15,16].
The capacity of ibuprofen to interact with membrane bilayers was
evaluated by X-ray diffraction on DMPC and DMPE; DMPC large
unilamellar vesicles (LUV), and isolated unsealed human erythrocyte
membranes (IUM) were studied by ﬂuorescence spectroscopy; DMPC
and DMPE multilamellar vesicles (MLV) were studied by differential
scanning calorimetry (DSC) and intact human erythrocytes were
observed by scanning electron microscopy (SEM). These systems and
techniques have been used in our laboratories to determine the
interaction with and the membrane-perturbing effects of other anti-
inﬂammatory drugs [17,18]. Additional in vitro experiments were
performed in human promyelocytic leukemia and human carcinoma
cells in order to test the toxicity after treatments with ibuprofen.
2. Materials and methods
2.1. X-ray diffraction studies of DMPC and DMPE bilayers
Sodium ibuprofen (lot. 085 K0716, MW 228.3), synthetic DMPC
(lot. 14OPC-241,MW77.9) andDMPE (lot. 14OPE-58,MW635.9) from
Avanti Polar Lipids (Alabaster, AL, USA), were used without further
puriﬁcation. Ca. 2 mg of each phospholipid was suspended in 200 μl of
(a) distilled water and (b) aqueous solutions of ibuprofen in a range of
concentrations (0.01 mM to 2.0 mM). Samples were incubated for
30 min at 37 °C and 60 °C with DMPC and DMPE respectively, and
centrifuged for 10 min at 2500 rpm. Samples were then transferred to
1.5 mm dia special glass capillaries (Glas-Technik & Konstruktion,
Berlin, Germany) and X-ray diffracted. Specimen-to-ﬁlm distances
were 8 and 14 cm, standardized by sprinkling calcite powder on the
capillary surface. Ni-ﬁltered CuKα radiation froma Bruker Kristalloﬂex
760 (Karlsruhe, Germany) X-ray generator was used. The relative
reﬂection intensities were obtained in an MBraun PSD-50M linear
position-sensitive detector system (Garching, Germany) and no
correction factors were applied. The experiments were performed at
18±1 °C, which is below the main phase transition temperature of
both phospholipids. Higher temperatures would have induced
transitions to more ﬂuid phases making the detection of structural
changes more difﬁcult. Each experiment was performed at least in
triplicate. X-ray data was analyzed using the Origin software 7.0.
2.2. Fluorescence measurements of large unilamellar vesicles (LUV)
The inﬂuence of sodium ibuprofen on the physical properties of
DMPC LUV and of isolated unsealed human erythrocyte membranes(IUM) was examined by ﬂuorescence spectroscopy using DPH (1,6-
diphenyl-1,3,5-hexatriene) and laurdan (6-lauroyl-2-dimethylami-
nonaphthalene; Molecular Probe, Eugene, OR, USA) ﬂuorescent
probes. DPH is widely used as a probe for the hydrophobic regions
of the phospholipid bilayers because of its favorable spectral
properties. Their steady-state ﬂuorescence anisotropy measurements
were used to investigate the structural properties of DMPC LUV as it
provides a measure of the rotational diffusion of the ﬂuorophore,
restricted within a certain region such as a cone due to the lipid acyl
chain packing order. Laurdan, an amphiphilic probe, has high
excitation sensitivity and emission spectra to the physical state of
membranes. With the ﬂuorescent moiety within a shallow position in
the bilayer, laurdan provides information about the polarity and/or
molecular dynamics at the level of the phospholipid glycerol
backbone. The quantiﬁcation of the laurdan ﬂuorescence spectral
shifts was effected by means of the general polarization (GP) concept
[19]. DMPC LUV suspended in water were prepared by extrusion of
frozen and thawed multilamellar liposome suspensions (ﬁnal lipid
concentration 0.4 mM) through two stacked polycarbonate ﬁlters of
400 nm pore size (Nucleopore, Corning Costar Corp., MA, USA) under
nitrogen pressure at 10 °C above the lipid phase transition temper-
ature. IUM were prepared from blood samples obtained from regular
casual donors, according to Dodge et al. [20]. In the ﬂuorescence
experiments IUM suspensions were used at a protein concentration of
0.25 mg/mL in order to avoid scattering artifacts and to have a lipid
concentration similar in IUM and DMPC LUV.
DPH and laurdan were incorporated into LUV and IUM by addition
of 2 μl/mL aliquots of 0.5 mM solutions of the probe in dimethylfor-
mamide and ethanol, respectively in order to obtain ﬁnal analytical
concentrations of 1×10−3 mM, and incubated them at 37 °C for
45 min. Fluorescence spectra and anisotropy measurements were
performed in a phase shift and modulation K2 steady-state and time
resolved spectroﬂuorometer (ISS Inc., Champaign, IL, USA) interfaced
to computer. Software from ISS was used for both data collection and
analysis. LUV suspension measurements were carried out at 18 °C and
37 °C using 10 mm path-length square quartz cuvettes. Sample
temperature was controlled by an external bath circulator (Cole-
Parmer, Chicago, IL, USA) and monitored before and after each
measurement using an Omega digital thermometer (Omega Engi-
neering Inc., Stanford, CT, USA). Anisotropymeasurements weremade
in the L conﬁguration using Glan Thompson prism polarizers (I.S.S.
Inc.) in both exciting and emitting beams. DPH excitation wavelength
was set at 360 nm and the emission was measured using a WG-420
Schott high-pass ﬁlter (Schott, Mainz, Germany) with negligible
ﬂuorescence. DPH ﬂuorescence anisotropy (r) was calculated accord-
ing to the deﬁnition: r=(I‖− I⊥)/(I‖+2I⊥), where I‖− I⊥ are the
corresponding parallel and perpendicular emission ﬂuorescence
intensities with respect to the vertically polarized excitation light
[21]. Laurdan ﬂuorescence spectral shifts were quantitatively evalu-
ated using the GP concept (see above) which is deﬁned by the
expression GP=(Ib− Ir) /(Ib+Ir), where Ib and Ir are the emission
intensities at the blue and red edges of the emission spectrum,
respectively. Laurdan excitation wavelength was set at 360 nm and
the mentioned emission intensities have been measured at the
wavelengths of 440 and 490 nm, which correspond to the emission
maxima of laurdan in both gel and liquid crystalline phases,
respectively [22]. Ibuprofen was incorporated in LUV suspensions by
addition of adequate (10 mM) aliquots of a concentrated ibuprofen
solution in order to obtain the different concentrations used in this
work. Samples thus prepared were then incubated at 37 °C for ca.
15 min and measured at 18 °C and 37 °C; at 18 °C because the X-ray
experiments were performed at about this temperature, and at 37 °C
because that is the normal temperature at which erythrocytes
circulate in humans, temperature at which was also incubated for
scanning electron microscopy observations. Blank subtraction was
performed in all measurements using unlabeled samples without
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standard error of ten measurements in two independent samples.
Unpaired Student's t-test was used for statistical calculations.
2.3. Differential scanning calorimetry (DSC) on DMPC and DMPE
liposomes
For the DSC measurements the lipid suspensions were prepared in
order to attain a concentration equivalent to 0.4 mM. DSC samples
were prepared by dispersing a known amount (5.6 mM) in 10 mM
PBS buffer (pH 7.4). Lipid–ibuprofen mixtures were investigated up to
a molar ratio of lipid:ibuprofen 1:2 corresponding to a ibuprofen
concentration of ca. 11.2 mM. Samples were hydrated in the liquid
crystalline phase by vortexing. Before measurements, samples were
stored at 4 °C overnight. The experiments were performed with a VP-
DSC calorimeter (MicroCal, Inc., Northampton, MA, USA) at heating
and cooling rates of 1 °C min−1. Measurements were performed in
the temperature interval from 5 °C to 65 °C. In the ﬁgures the
temperature range is shown only where phase transitions were
observed. Five consecutive heating and cooling scans checked the
reproducibility of the DSC experiments of each sample [23]. Three
independent samples were prepared andmeasured. The accuracy was
±0.1 °C for the main phase transition temperature and ±1 kJ mol−1
for the main phase transition enthalpy, representing the average
standard deviation for a measurement. The DSC data were analyzed
using the Origin software 7.0. The phase transition enthalpy was
obtained by integrating the area under the heat capacity curve [24].
2.4. Scanning electron microscopy (SEM) studies of human erythrocytes
Interaction of sodium ibuprofen with human erythrocytes was
studied by means of the incubation of intact erythrocytes with
different drug concentrations. Blood was obtained from healthy
human male donors under no pharmacological treatment. Blood
samples (0.1 ml) were obtained by puncturing the ear lobule and
mixed with 10 μl of heparin (5000 UI/ml) in 0.9 ml of saline solution
(NaCl 0.9%, pH 7.4). Sample was centrifuged (1000 rpm×10 min) and
the supernatant was discarded and replaced by the same volume of
saline solution; the whole process was repeated three times. The
sedimented erythrocytes were suspended in 0.9 ml of saline solutionA
Fig. 2. Microdensitograms from X-ray diffraction patterns of (A) dimyristoylphosphatidyl
aqueous solutions of sodium ibuprofen; (LA) and (WA) correspond to low- and wide-angleand 100 μl aliquots were mixed with equal volumes of (a) saline
solution (control), and (b) 100 μl of each ibuprofen stock solutions in
saline solution. The ﬁnal ibuprofen concentrations were in the range
of 0.01 mM to 2 mM. Samples were then incubated for 1 h at 37 °C.
Following incubation, samples were centrifuged (1000 rpm×10 min)
and the supernatant was discarded. Fixation was performed by
addition of 500 μl of 2.5% glutaraldehyde and overnight incubation at
4 °C. Fixed samples were washed with distilled water, placed over Al
glass cover stubs, air dried at 37 °C for 30 min to 1 h, and gold-coated
for 3 min at 10−1 Torr in a sputter device (Edwards S150, Sussex,
England). Resulting specimens were examined in a Jeol SEM (JSM
6380 LB, Japan).
2.5. Viability studies on human leukemia and carcinoma cells
Dulbecco's modiﬁed Eagle's medium, antibiotics, non-essential
aminoacids, were from Sigma (St. Louis. MO, USA). Fetal calf serum
was from HyClone (Logan, UT, USA), and trypsin, antibiotics, and
mycotic solutions were from Gibco BRL. Both human promyelocytic
leukemia HL-60 and human cervical carcinoma HeLa cells (ATCC,
USA) were grown in high glucose Dulbecco's modiﬁed Eagle's
minimal essential medium, supplemented with 10% fetal calf serum,
antibiotics (7.5×10−5 M streptomycin and 100 IU ml−1 penicillin)
and antimycotic (0.25 μg/ml amphotericin B) at 37 °C, 10% CO2 and
100% humidity. HeLa cell monolayers were trypsinized before
counting and prior to be seeded. Cell counting was performed in
duplicate with the aid of a hemocytometer using a Carl Zeiss Axiovert
25 inverted phase-contrast microscope. Trypan blue exclusion was
used as criterion of cell viability. MTT (3-(4,5-dimethyl-2-thiazol)-2,5
diphenyl-2H-tetrazolium bromide; tiazol blue) colorimetric viability
assay was also used, and it was performed as described by Mosmann
[25]. Brieﬂy, 100 μl of each cell sample was mixed with 10 μl of MTT
solution (5 mg/ml MTT in PBS) in a 96 well plate. HeLa cells were
trypsinized before the extraction of the 100 μl sample. Samples were
incubated at 37 °C for 4 h and then 100 μl of 0.04 M HCl in 2-propanol
were added. The mixture was homogenized and measured in a multi-
well spectrophotometer plate reader at 550 nm with a 690 nm
reference. For the assays, 250 μl suspensions of 106 cells/ml were
seeded in 24-well tissue culture plate and different concentrations of
ibuprofen (250 μM–10 mM) in physiological serum (0.9% NaCl) wereB
choline (DMPC) and (B) dimyristoylphosphatidylethanolamine (DMPE) in water and
reﬂections, respectively.
) D
A
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viability was determined after 48 h incubation.0,58
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C3. Results
3.1. X-ray diffraction studies of DMPC and DMPE bilayers
The capacity of ibuprofen to perturb the structures of DMPC and
DMPE multilayers was evaluated by X-ray diffraction. Fig. 2A shows a
comparison of the diffraction patterns of DMPC and DMPC incubated
with the water soluble sodium ibuprofen in a range of concentrations
(0.01–2 mM). As expected, water altered the DMPC structure: its
bilayer repeat (bilayer width plus the width of the water layer
between bilayers) increased from about 55 Å in its dry crystalline
form [26] to 64.5 Å when immersed in excess water, and its low-angle
reﬂections (indicated as LA in the ﬁgure), which correspond to DMPC
polar terminal group distance, were reduced to only the ﬁrst two
orders of the bilayer repeat. On the other hand, only one strong
reﬂection of 4.2 Å showed up in the wide-angle region (WA), which
corresponds to the average distance between fully extended acyl
chains organized with rotational disorder in hexagonal packing. Thus,
DMPC showed the typical characteristics of the Pβ′ gel phase. Fig. 2A
also discloses that after exposure to 0.3 mM ibuprofen there was a
weakening of the low- and wide-angle lipid reﬂection intensities.
Further addition of ibuprofen in increasing concentrations caused a
monotonic decrease in the phospholipid reﬂection intensities, until
they practically disappeared at 2 mM. The results of the X-ray
diffraction patterns of DMPE bilayers incubated in water and with
ibuprofen solutions are shown in Fig. 2B. As reported elsewhere,
water did not signiﬁcantly affect the bilayer structure of DMPE [26].
However, after heating to 60 °C and cooling down to room
temperature (ca. 18 °C) DMPE was in a ﬂuid state as its X-ray
reﬂections were reduced to one of 56.4 Å and another of 4.2 Å in the
low- and wide-angle regions, respectively. The diffraction patterns
also showed that increasing concentrations of ibuprofen did not cause
a weakening in DMPE reﬂection intensities, all of which still remained
practically unaffected at the highest NSAID used concentration
(2 mM).La
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Fig. 3. Effects of sodium ibuprofen on the general polarization (GP) of laurdan and on
the anisotropy (r) of DPH embedded in (A) DMPC large unilamellar vesicles (LUV) at
18 °C, (B) at 37 °C, and (C) in isolated unsealed human erythrocyte membranes (IUM)
at 37 °C.3.2. Fluorescence measurements of large unilamellar vesicles (LUV)
Fig. 3A shows the results of the addition of ibuprofen at increasing
concentrations (10 μM–0.5 mM) on the laurdan generalized polari-
zation (GP) and ﬂuorescence anisotropy (r) in DMPC in the gel phase
(18 °C). The addition of ibuprofen induced a slight although
signiﬁcant laurdan GP increase while DPH anisotropy showed a very
soft increase that can be considered non signiﬁcant. Fig. 3B shows the
effects of the incorporation of ibuprofen to DMPC LUV in a range of
concentrations (10 μM–0.5 mM) in the liquid-crystalline phase
(37 °C), with a larger effect at this temperature on both probe
parameters. The results showed that ibuprofen induced a signiﬁcant
increase of laurdan GP and a mild increase in the ﬂuorescence
anisotropy. It should be taken into account that at 37 °C, in the liquid
crystalline state, lipids present a more ﬂuid state, i.e., a faster
molecular dynamics and a lower ordering than in the gel phase, at
18 °C. Fig. 3C shows the effects of the incorporation of ibuprofen, in
the same range of concentrations into isolated unsealed human
erythrocyte membranes (IUM) at their physiological temperatures of
37 °C. Both probes showed a slight and sharp decrease in the
corresponding parameters at the lowest ibuprofen concentrations.
These changes indicate that a slight increase in the water content or in
their molecular dynamics occurred at the hydrophobic/hydrophilic
interphase at this additive concentration, while a corresponding
ordering decrease occurred at the deep phospholipids acyl chain level.3.3. Differential scanning calorimetry (DSC) on DMPC and DMPE
Calorimetric analyses were performed in order to determine the
impact of ibuprofen on the formed phases, and nature of the
ibuprofen–lipid interaction. The analyses were performed for pure
lipids and for lipid:ibuprofenmixtures with differentmolar ratios. The
thermogram of pure DMPC (Fig. 4A) shows two peaks, a small and
a large endothermic one. The small peak at lower temperature
AB
Fig. 4. DSC thermograms of (A) DMPC and (B) DMPE in the presence of various lipid:
ibuprofen molar ratios. The ibuprofen concentrations correspond to 0 to 11.2 mM (for
the 1:2 molar ratio). Adapted according to Manrique-Moreno et al. [56,57]. (C) The
enthalpy ΔH was obtained by peak integration.
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ripple phase (Pβ′) pretransition, and the large peak at higher
temperature (ca. 24 °C) corresponds to the main phase transition
[27] with a ΔHm=27 kJ mol−1[28]. The Pβ′-phase is one of the gel
phases which occur due to structural constraints between the packing
characteristics of the two acyl chains and the headgroups [29]. Fig. 4A
shows that ibuprofen was able to alter the cooperativity of DMPC
phase transition in a concentration-dependent manner. For 1:0.1
DMPC:drug molar ratio the gel to liquid crystalline phase transition
was still observed but broadened and shifted to a lower temperature,
whereas the meta-stable ripple phase disappeared. This is in
accordance to Lygre et al. [12] and Du et al. [1]. At 1:2 molar ratioTm was shifted close to 19.5 °C and induced a broadening effect on the
endothermic peak. A possible phase separation was observed due to
the presence of a small shoulder to the right at 22 °C (marked by an
arrow in Fig. 4A). In contrast to the evident inﬂuence on the phase
transition temperature, the overall molar enthalpies of the transition
remained practically constant at all molar ratios (±27 kJ mol−1)
(Fig. 4C). However, it has to be considered that the overall phase
transition enthalpy is the integration of the phase transition area in a
range of temperatures.
The phase transition temperature of DMPE dispersed in PBS buffer
at pH 7.4 is 49.7 °C (Fig. 4B), and the corresponding phase transition
enthalpy ΔHm was 24.1 kJ mol−1[30]. The presence of ibuprofen
induced a destabilization of DMPE liposomes inducing a shift of the
phase transition temperatures to lower values. A broadening of the
heat capacity curve was induced by increasing amounts of ibuprofen.
The broadening effect on the phase transition was already observed at
a 1:0.25 DMPE:ibuprofen molar ratio, and at 1:0.5 a shoulder was
visible in the thermogram. At 1:2 molar ratio, two peaks were
differentiated at 46.3 °C and 49.2 °C (marked by arrows in Fig. 4B),
indicative of a phase separation. Although destabilization of the
bilayers and phase separation were observed in the presence of
ibuprofen, the overall phase transition enthalpy was mainly
unchanged with values between 23 and 26 kJ mol−1 (Fig. 4C).
3.4. Scanning electron microscopy (SEM) studies of human erythrocytes
The effects of the in vitro interaction of NSAID with human
erythrocytes were followed by SEM. Under physiological conditions,
normal human red blood cells assume a ﬂattened biconcave disc
shape (discocyte)~8 μm in diameter (Fig. 5A). The results of the
in vitro incubation of erythrocytes with ibuprofen in a range of
concentrations (10 μM–2 mM) are shown in Fig. 5B–F. As it can be
seen, erythrocyte shape changed in a concentration-dependent
manner. At low concentrations (0.01–0.1 mM) the drug induced the
loss of the normal round biconcave shape of most of the erythrocytes.
Cells showed an irregular surface and the presence of spicules were
observed on some erythrocyte surfaces. With increasing concentra-
tions of ibuprofen the echinocytosis deformation increased: 0.3 mM
and 0.5 mM induced 28%, 1 mM 42% and 2 mM 68% of echinocytosis.
3.5. Viability studies on human leukemia and carcinoma cells
The effect on the viability of both human promyelocytic leukemia
HL-60 and human cervical carcinoma HeLa cells was studied.
Ibuprofen at up to 200 μM was not cytotoxic regardless of dosing
protocols or cell line. Response to ibuprofen concentrations is shown
in Fig. 6 for HL-60 and HeLa cells. A strong toxic dose–response effect
was observed for both cellular lines. LD 50 (concentration needed for
a 50% cell death, or 50% lethal dose) was 1.14 mM for HL-60 and
6.20 mM for HeLa cells, an indication that the epithelial cell line has a
higher resistance against sodium ibuprofen. Moreover, the shape of
the HeLa cell curve is consistent with this result, showing a lower
effect until 5 mM in contrast with HL-60 cells where the viability
decrease was evident from 0.75 mM ibuprofen.
4. Discussion
The study of drug–membrane interactions is essential for
understanding NSAID drug activity, selectivity, and side effects.
However, the lack of studies on the molecular details of the
interaction between ibuprofen and biological membranes is surpris-
ing. In the present study, the interaction of NSAID with human
erythrocytes and model membranes made from synthetic phospho-
lipids was investigated by applying a combination of different
techniques. It is accepted that, among other side effects the chronic
use of NSAID may induce gastrointestinal bleeding [31]. The gastric
Fig. 5. Effect of ibuprofen on the morphology of human erythrocytes. Images obtained by scanning electron microscopy (SEM) of (A) control; (B) 0.01 mM; (C) 0.3 mM; (D) 0.5 mM;
(E) 1 mM; (F) 2 mM sodium ibuprofen.
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cells evaluated by the MTT colorimetric method [24].
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defense system; its hydrophobicity is due to surface-active phospho-
lipids, with phosphatidylcholines and phosphatidylethanolamines
being the main lipids [3]. On the other hand, there are reports that
clearly show that erythrocytes are one of the critical targets for NSAID
[32]. The current study presents evidence that ibuprofen affects
human erythrocytes and molecular models of its cell membrane.
Under physiological conditions, normal human red blood cells
assume a ﬂattened biconcave disc shape (discocyte)~8 μm in
diameter. SEM investigations showed that ibuprofen induced the
preferential formation of echinocytes, even at a concentration as low
as 10 μM. According to the bilayer couple hypothesis [33], shape
changes are induced in red cells due to the insertion of foreign species
in either the outer or the inner monolayer of the erythrocyte
membrane. Thus, spiculated shapes (echinocytes) are observed in
the ﬁrst case while cup shapes (stomatocytes) are produced in the
second due to the differential expansion of the corresponding
monolayer. SEM examination of specimens showed that in fact the
drug induced a change of shape of the normal biconcave erythrocytes.
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ibuprofen, the number of echinocytes increased with higher concen-
trations. These results imply that ibuprofen located into the outer
monolayer of the erythrocyte membrane. The explanation is based on
the different composition of the lipids and proteins in both leaﬂets.
The inner layer contains a signiﬁcant fraction of negatively charged
lipids (phosphatidylserines), thus making it a more attractive
environment for cationic amphipaths, while the outer leaﬂet is
more attractive for neutral, zwitterionic and anionic molecules [34].
Under our experimental conditions (pH 7.4), ibuprofen ion has a
negatively charged carboxylic moiety. As discussed elsewhere [33],
anionic amphipaths that produce echinocytes associate preferentially
with the outer monolayer, probably as a result of their inability to
cross the bilayer. Conversely, those compounds that induce stomato-
cytosis do so by interacting with the cell inner monolayer, perhaps by
association with inner monolayer lipids or proteins. Ibuprofen is
negatively charged and behaves as echinocytogenic compounds.
These results are supported by the X-ray and DSC experiments.
X-ray diffraction results showed that ibuprofen interacted practi-
cally only with DMPC, class of lipid preferentially located in the
human erythrocyte outer moiety. DMPC and DMPE differ only in their
terminal amino groups, being these +N(CH3)3 in DMPC and +NH3 in
DMPE. Moreover, both molecular conformations are similar in their
crystalline phases, with the hydrocarbon chains mostly parallel and
extended and the polar head groups lying perpendicularly to them
[26]. However, the gradual hydration of DMPC results in bilayer
swelling with the resulting increase of the bilayer repeat distance
(bilayer width plus the water layer). This phenomenon allows the
incorporation of ibuprofen anions into DMPC intercalated water
layers and then an ibuprofen anion distribution into the lipid bilayers.
Given the amphipatic nature of ibuprofen ions one would expect that
they locate in such a way that their negatively charged carboxyl
groups electrostatically interact with the positively charged terminal
+N(CH3)3 groups modifying the electrostatic interactions between
DMPC phosphate and amino groups disrupting its bilayer structure.
Disruption and even solubilization effects observed by ibuprofen on
DMPC bilayers can be also due to the surface active properties of the
NSAID. Somewhat similar effects have been reported for several
NSAID others than ibuprofen interacting with dipalmitoylphosphati-
dylcholine (DPPC) bilayers [35]. It has been shown that ibuprofen is
an amphiphilic structure capable of disrupting lipid membranes via
mixedmicelle formation [36]. On the other hand, due to DMPE smaller
polar group and higher effective charge, strong electrostatic in-
teractions and direct intermolecular hydrogen bonds are formed
between the NH3+ and the PO4− groups of DMPE [26]. As a result, a very
stable multibilayer arrangement is formed that was not signiﬁcantly
perturbed by the presence of ibuprofen.
The GP and r measurements in DMPC liposomes determined by
ﬂuorescence spectroscopy also supported the evidence of the interac-
tion of ibuprofen with membrane phospholipids. The concentration-
dependent effect of the NSAID on LUV was explored at two different
depths of the lipid bilayer: at the lipid glycerol backbone, i.e., the
hydrophilic/hydrophobic interphase, estimated from the laurdan
ﬂuorescence spectral shift through the GP parameter, and in the
deep hydrophobic core determined by the DPH steady-state ﬂuores-
cence anisotropy (r). It has been shown that the ﬂuorescence spectrum
of laurdan is sensitive to the hydration level and/or to the molecular
dynamics at the level of the phospholipid polar groups [37,38].
Changes in the GP values are associated with the reorientation of
water molecule dipoles around the excited-state dipole of laurdan.
Changes at 18 °C indicated only a slight decrease in the solvent
relaxation extension of laurdan due to ibuprofen insertion, which can
be explained as due to a hydration decrease and/or to a molecular
dynamics decrease of the water molecules present at the membrane
glycerol backbone level. At physiological temperature (37 °C), ibupro-
fen induced strong increase in the GP, an indication that ibuprofenmolecules locate in the head group region of DMPC inducing a
hydration and/or molecular dynamic decrease. On the other hand, only
a gentle increase of the anisotropy (r) was observed at 37 °C, indicative
of negligible perturbation of the hydrocarbon chain van der Waals
interactions induced by the drug in a concentration-dependent
manner. Changes of membrane ﬂuidity, i.e., such as in the above
mentioned dynamic and structural properties would directly affect the
properties of the cell membrane proteins due to changes in lipid–
protein interactions, resulting in a decrease of the activity of the
proteins [39]. In isolated unsealed human erythrocyte membranes
(IUM) ibuprofen induced at the lowest addition a mild though abrupt
increase in water content or in their molecular dynamics at the
hydrophobic–hydrophilic interphase, while a corresponding ordering
decrease at the deep phospholipids acyl chain level.
The shift of Tm and the observed phase separation effect in the
calorimetric experiments conﬁrmed the ibuprofen–lipid interactions
and associations. The thermograms provide useful information about
the character of the transition [40]. The width and half-height of the
transition peak are related to both the purity of the system and the
cooperative nature of the transition [41]. The presence of exogenous
molecules induces a broadening of the heat capacity curve while the
exact shape of the broadened peak (peak asymmetry) is indicative
hint of the nature of the interaction between the exogenous and the
host molecules. Based on their calorimetric investigation, Lúcio et al.
have shown a similar behavior on DPPC membranes for the NSAIDs
acemetacin, indomethacin and nimesulide, namely an abolishment of
the pre-transition of DPPC, a decrease in the main phase transition
temperature, with a more or less negligible impact on the phase
transition enthalpy with increasing amount of the drug component
[46]. Ibuprofen induced a change in the sharpness of the phase
transition peaks; the broadening of the phase transition temperature
range indicated that the drug causes a destabilization of the
phospholipid intermolecular cooperativity. The phase transitions of
hydrated lipid dispersions are among the most cooperative of
transitions occurring in aggregates of biomolecules and reﬂect the
high degree of molecular aggregation in these systems. This property
is related to the number of acyl chains that undergo gel to liquid-
crystalline phase transition cooperatively [42]. The presence of
another phase is probable due to the formation of domains by the
ibuprofen. These domains appear to be regions enriched in speciﬁc
components in comparison with the rest of the bulk membrane “free”
of ibuprofen [43]. Domains can be formed in biological membranes
due to the accumulation of components in a particular area [44] or due
to differences in lipid miscibility [40]. This could be the result of
different interactions between the membrane components, which
leads to lipid phase separation. Indeed, in biological membranes the
chemical heterogeneity of membrane lipid species multiplies the
possibility of local phase separation within the bilayer [45]. DSC
results showed that the width of the thermograms was signiﬁcantly
affected by the ibuprofen addition. They also showed that there was a
shift in the transition peak toward lower temperatures, and both
parameters were sensitive to the drug concentration. In most of the
cases DMPE:ibuprofen systems (Fig. 4B) underwent a small shift in
the Tm to lower temperatures and a broadening of the phase transition
peak. These ﬁndings are in accordance with the effects reported by
Lúcio et al. They detected similar effects on the thermotropic behavior
of DPPC bilayers with other arylpropionic acid derivatives (acemeta-
cin, indometacin and nimesulide) [46]. The conclusion from their
study was that all three tested NSAIDs induced perturbations in the
liquid-crystalline phase, suggesting a major change in the hydration
properties of the lipid DPPC [46].
Furthermore, with increasing drug concentration the formation of
two phases was easy to identify for DMPE at low molar ratios (1:0.5).
Thus, it suggested the presence of domains composed of mainly pure
lipid that underwent the melting transition at 49.3 °C, and the
formation of another domains probably enriched with lipid:ibuprofen
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data no further information can be derived with regard to the nature
of the formed phases. However, it is clear that domain formation leads
to the segregation of components and compartmentalization of the
cell membrane, which is critical for membrane-associated cell
signaling. Such phase separations are well known for phospholipids
and can be induced by a number of factors [40,47]. Finally, the
existence of lateral lipid domains in membranes necessarily modiﬁes
the physicochemical properties of the bulk bilayer [48] such as
compressibility, bending, and permeability, as well as membrane
lipid–protein interactions [49]. Interestingly, the overall ΔHm values,
which did not change for DMPC nor for DMPE indicated that ibuprofen
did not intercalate into the acyl chain region, but was rather located in
the water/lipid interphase (Fig. 4C). Even when the drugs are not
inserted into the bilayer, the interactions lead to domain formation,
which induced local perturbations on the regular bilayer surface
disturbing the integrity of the lipid bilayer. These conclusions are
compatible with results from Du et al. [1], who found that ibuprofen
could interact with lipid vesicles inducing defect formations using UV
spectroscopy. The location of ibuprofen in the polar head groups
generates a reorganization of water molecules affecting the packing
and cooperativity of the phospholipid. The explanation can relay in
the polarity of the drug, since ibuprofen is almost entirely (99.9%)
ionized with a negative charge (COO−) at physiological pH. The
destabilization of the liposomes was directly related to the increasing
drug concentration, indicating further reorganization of water
molecules in the head group region. The main transition temperature
depends to a certain extent on the structure of the polar head groups;
therefore, if the ibuprofen induced changes in the packing of the polar
head group region by modifying the surface-bond water molecules
(afﬁnity for water), it will lead to a change in the organization of the
aqueous phase [50]. The number of water molecules within the
phospholipid liposomes is determinant for the functions and
physicochemical properties of the bilayer in an aqueous environment
[51].
Human tumor cells were also used as models to study the toxicity
of ibuprofen. The effect on the viability of both human promyelocytic
leukemia HL-60 and human cervical carcinoma HeLa cells was
studied. Ibuprofen at up to 200 μM was not cytotoxic regardless of
dosing protocols or cell line. A strong toxic dose–response effect was
observed for both cellular lines. LD 50 was 1.14 mM for HL-60 and
6.20 mM for HeLa cells, an indication that the epithelial cell line has a
higher resistance against this NSAID. Moreover, the shape of the HeLa
cell curve is consistent with this result, showing a low and almost
constant effect (≈25% decrease in viability) until 5 mM, with a point
of inﬂection at 1.95 mM. In contrast, the curve of HL-60 cells shows a
classical sigmoid behavior, and a viability decrease, which is evident
from 0.75 mM ibuprofen, with a point of inﬂection at 0.35 mM, thus
indicating a higher sensitivity. The higher effect observed for HL-60
cells could be explained by the fact that this cell line grows in
suspension, so all the cell surface is in contact with ibuprofen during
incubation. In contrast, for the HeLa epithelial cell line only the upper
face of the monolayer is in contact with the compound. HL-60 cells
largely resemble promyelocytes, so they are a good model for human
myeloid cells. On the other hand, HeLa cells are a good model for
epithelial cells, and the results of this work are indicative that
ibuprofen would induce a higher toxicity to myeloid-like cells than to
epithelial cells.
5. Concluding remarks
Our experimental ﬁndings are certainly of interest as they
demonstrated that ibuprofen interacts with lipid bilayers and the
human erythrocyte membrane affecting the cell morphology in a
concentration as low as 10 μM. This concentration is lower than its
therapeutic and toxic plasma concentration (210 μM [52] and 440 μM[53], respectively). It must be considered that alteration of the normal
biconcave shape of red blood cells increases their resistance to entry
into capillaries, which could contribute to a decreased blood ﬂow, loss
of oxygen, and tissue damage through microvascular occlusion
[54,55]. Functions of ion channels, receptors and enzymes immersed
in cell membrane lipid moieties also might be affected. These ﬁndings
may also provide a new insight into the possible mechanism of action
of ibuprofen.
Acknowledgements
The authors thank FernandoNeira for technical assistance andDAAD
for the Ph.D. scholarship (to M.M-M.). This work was supported by
grants from FONDECYT (1090041) and CONICYT-BMBF (065-4-2007).
References
[1] L. Du, X. Liu, W. Huang, E. Wang, A study on the interaction between ibuprofen
and bilayer lipid membrane, Electrochim. Acta 51 (2006) 5754–5760.
[2] M.-N. Giraud, C. Motta, J.J. Romero, G. Bommelaer, L.M. Lichtenberger, Interaction
of indomethacin and naproxen with gastric surface–active phospholipids: a
possible mechanism for the gastric toxicity of nonsteroidal anti-inﬂammatory
drugs (NSAIDs), Biochem. Pharmacol. 57 (1999) 247–254.
[3] A. Kivinen, I. Vikholm, S. Tarpila, A ﬁlm balance study of the monolayer-forming
properties of dietary phospholipids and the interaction with NSAIDs on the
monolayers, Int. J. Pharm. 108 (1994) 109–115.
[4] L.M. Lichtenberger, Where is the evidence that cyclooxygenase inhibition is
the primary cause of nonsteroidal anti-inﬂammatory drug (NSAID)-induced
gastrointestinal injury?: Topical injury revisited, Biochem. Pharmacol. 61 (2001)
631–637.
[5] A. Burke, E. Smyth, G.A. FitzGerald, Analgesic-antipyretic and antiinﬂammatory
agents: pharmacotherapy of gout, in: L.L. Brunton (Ed.), Goodman & Gilman's
Manual of Pharmacology and Therapeutics, McGraw-Hill, New York, 2008,
pp. 428–461.
[6] R. Jones, Nonsteroidal anti-inﬂammatory drug prescribing: past, present, and
future, Am. J. Med. 110 (2001) S4–S7.
[7] R. Polisson, Nonsteroidal anti-inﬂammatory drugs: practical and theoretical
considerations in their selection, Am. J. Med. 100 (1996) 31S–36S.
[8] F. Camu, C. Vanlersberghe, Pharmacology of systemic analgesics, Best Pract. Res.
Clin. Anaesthesiol. 16 (2002) 475–488.
[9] J.B. Raskin, Gastrointestinal effects of nonsteroidal anti-inﬂammatory therapy,
Am. J. Med. 106 (1999) 3S–12S.
[10] N.C. Teoh, G.C. Farrell, Hepatotoxicity associated with non-steroidal anti-
inﬂammatory drugs, Clin. Liver Dis. 7 (2003) 401–413.
[11] R. Canaparo, E. Muntoni, G.P. Zara, C. Della Pepa , E. Berno, M. Costa, M. Eandi,
Determination of ibuprofen in human plasma by high-performance liquid
chromatography: validation and application in pharmacokinetic study, Biomed.
Chromatogr. 14 (2000) 219–226.
[12] H. Lygre, G. Moe, H. Holmsen, Interaction of ibuprofen with eukaryotic membrane
lipids, Acta Odontol. Scand. 61 (2003) 303–309.
[13] E. Jablonowska, R. Bilewicz, Interactions of ibuprofen with Langmuir monolayers
of membrane lipids, Thin Solid Films 515 (2007) 3962–3966.
[14] J.Y. Chen, W.H. Huestis, Role of membrane lipid distribution in chlorpromazine-
induced shape change of human erythrocytes, Biochim. Biophys. Acta 1323
(1997) 299–309.
[15] J.M. Boon, B.D. Smith, Chemical control of phospholipid distribution across bilayer
membranes, Med. Res. Rev. 22 (2002) 251–281.
[16] P.F. Devaux, A. Zachowsky, Maintenance and consequences of membrane
phospholipid asymmetryhem, Chem. Phys. Lipids 73 (1994) 107–120.
[17] M. Suwalsky, M. Manrique, F. Villena, C.P. Sotomayor, Structural effects in vitro of
the anti-inﬂammatory drug diclofenac on human erythrocytes and molecular
models of cell membranes, Biophys. Chem. 141 (2009) 34–40.
[18] M. Manrique-Moreno, M. Suwalsky, F. Villena, P. Garidel, Effects of the
nonsteroidal anti-inﬂammatory drug naproxen on human erythrocytes and on
cell membrane molecular models, Biophys. Chem. 147 (2010) 53–58.
[19] T. Parasassi, E. Gratton, Membrane lipid domains and dynamics as detected by
Laurdan ﬂuorescence, J. Fluoresc. 5 (1995) 59–69.
[20] J.T. Dodge, C. Mitchell, D.J. Hanahan, The preparation and chemical characteristics
of hemoglobin-free ghosts of human erythrocytes, Arch. Biochem. Biophys. 100
(1963) 119–130.
[21] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Third ed. Springer, New
York, 2006.
[22] T. Parasassi, G. De Stasio, A. d'Ubaldo, E. Gratton, Phase ﬂuctuation in phospholipid
membranes revealed by laurdan ﬂuorescence, Biophys. J. 57 (1990) 1179–1186.
[23] A. Blume, P. Garidel, Lipid model membranes and biomembranes, in: R. Kemp
(Ed.), Handbook of Thermal Analysis and Calorimetry: From Macromolecules to
Man, vol. 4, Elsevier, Amsterdam, 1999, pp. 109–173.
[24] P. Garidel, M. Rappolt, A.B. Schromm, J. Howe, K. Lohner, J. Andrä, M.H.J. Koch, K.
Brandenburg, Divalent cations affect chain mobility and aggregate structure of
lipopolysaccharide from Salmonella minnesota reﬂected in a decrease of its
biological activity, Biochim. Biophys. Acta Biomembr. 1715 (2005) 122–131.
2664 M. Manrique-Moreno et al. / Biochimica et Biophysica Acta 1808 (2011) 2656–2664[25] T. Mosmann, Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays, J. Immunol. Methods 65
(1983) 55–63.
[26] M. Suwalsky, Phospholipid bilayers, in: J.C. Salamone (Ed.), Polymeric Materials
Encyclopedia, vol. 7, CRC Press, 1996, pp. 5073–5078.
[27] P. Garidel, A. Blume, Miscibility of phospholipids with identical headgroups and
acyl chain lengths differing by twomethylene units: effects of headgroup structure
and headgroup charge, Biochim. Biophys. Acta Biomembr. 1371 (1998) 83–95.
[28] K. Brandenburg, P. Garidel, J. Howe, J. Andrä, L. Hawkins,M.H.J. Koch, U. Seydel,What
can calorimetry tell us about changes of three-dimensional aggregate structures of
phospholipids and glycolipids? Thermochim. Acta 445 (2006) 133–143.
[29] M.J. Janiak, D.M. Small, G.G. Shipley, Nature of the thermal pretransition of synthetic
phospholipids: dimyristoyl- and dipalmitoyllecithin, Biochemistry (Mosc.) 15 (1976)
4575–4580.
[30] P. Garidel, A. Blume, Miscibility of phosphatidylethanolamine–phosphatidylgly-
cerol mixtures as a function of pH and acyl chain length, Eur. Biophys. J. 28 (2000)
629–638.
[31] M.J.S. Langman, Epidemiologic evidence on the association between peptic
ulceration and anti-inﬂammatory drugs, Gastroenterology 96 (1989) 24–31.
[32] H. Orhan, G. Sahin, In vitro effects of NSAIDs and paracetamol on oxidative stress-
related parameters of human erythrocytes, Exp. Toxicol. Pathol. 53 (2001) 133–140.
[33] A. Iglic, V. Kralj-Iglic, H. Hägerstrand, Amphiphile induced echinocyte–
spheroechinocyte transformation of red blood cell shape, Eur. Biophys. J. 27
(1998) 335–339.
[34] H.W.G. Lim, M. Wortis, R. Mukhopadhyay, Stomatocyte–discocyte–echinocyte
sequence of the human red blood cell: evidence for the bilayer-couple hypothesis
from membrane mechanics, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 16766–16769.
[35] C. Nunes, G. Brezesinski, J.L.F.C. Lima, S. Reis, M. Lucio, Effects of non-steroidal
anti-inﬂammatory drugs on the structure of lipid bilayers: therapeutical aspects,
Soft Matter 7 (2011) 3002–3010.
[36] I. Stoye, K. Schröder, C.C. Müller-Goymann, Transformation of a liposomal
dispersion containing ibuprofen lysinate and phospholipids intomixedmicelles—
physico-chemical characterization and inﬂuence on drug permeation through
excised human stratum corneum, Eur. J. Pharm. Biopharm. 46 (1998) 191–200.
[37] T. Parasassi, E.K. Krasnowska, L. Bagatolli, E. Gratton, Laurdan and prodan as
polarity-sensitive ﬂuorescent membrane probes, J. Fluoresc. 8 (1998) 365–373.
[38] L.A. Bagatolli, To see or not to see: lateral organization of biological membranes
and ﬂuorescence microscopy, Biochim. Biophys. Acta Biomembr. 1758 (2006)
1541–1556.
[39] W.J. Van Blitterswijk, R.P. Van Hoeven, B.W. Van Der Meer, Lipid structural order
parameters (reciprocal of ﬂuidity) in biomembranes derived from steady-state
ﬂuorescence polarization measurements, Biochim. Biophys. Acta Biomembr. 644
(1981) 323–332.
[40] P. Garidel, C. Johann, A. Blume, Non-ideal mixing and ﬂuid–ﬂuid immiscibility
in phosphatidic acid–phosphatidylethanolamine mixed bilayers, Eur. Biophys. J.
(2011) 1–15.[41] T.M. Mavromoustakos, The use of differential scanning calorimetry to study drug–
membrane interactions, in: A.M. Dopico (Ed.), Methods in Membrane Lipids,
vol. 400, Humana Press Inc., Totowa (NJ), 2006, pp. 587–600.
[42] R.N.A.H. Lewis, D.A. Mannock, R.N. McElhaney, Differential scanning calorimetry
in the study of lipid phase transitions inmodel and biological membranes, in: A.M.
Dopico (Ed.), A Glance at the Structural and Functional Diversity of Membrane
Lipids vol. 400, Humana Press Inc., Totowa (NJ), 2006, pp. 171–195.
[43] D.R. Welker, E.V.a.J.E.V. Dennis, Lipid assembly into cell membranes, New Compr.
Biochem., vol. 36, Elsevier, 2002, pp. 449–482.
[44] T. Heimburg, Coupling of chain melting and bilayer structure: domains, rafts,
elasticity and fusion, in: H.T.T.A. Ottowa-Leitmannova (Ed.), Planar Lipid Bilayers
(BLMs) and their Applications, Elsevier, Amsterdam, 2003, pp. 269–293.
[45] P.F.F. Almeida, A. Pokorny, A. Hinderliter, Thermodynamics of membrane
domains, Biochim. Biophys. Acta Biomembr. 1720 (2005) 1–13.
[46] M. Lucio, F. Bringezu, S. Reis, J.L.F.C. Lima, G. Brezesinski, Binding of nonsteroidal
anti-inﬂammatory drugs to DPPC: structure and thermodynamic aspects,
Langmuir 24 (2008) 4132–4139.
[47] P. Garidel, C. Johann, A. Blume, Thermodynamics of lipid organization and domain
formation in phospholipid bilayers, J. Liposome Res. 10 (2000) 131–158.
[48] S. Tristram-Nagle, J.F. Nagle, Lipid bilayers: thermodynamics, structure, ﬂuctua-
tions, and interactions, Chem. Phys. Lipids 127 (2004) 3–14.
[49] A.G. Lee, How lipids affect the activities of integral membrane proteins, Biochim.
Biophys. Acta Biomembr. 1666 (2004) 62–87.
[50] D. Marsh, General features of phospholipid phase transitions, Chem. Phys. Lipids
57 (1991) 109–120.
[51] M.J. Higgins, M. Polcik, T. Fukuma, J.E. Sader, Y. Nakayama, S.P. Jarvis,
Structured water layers adjacent to biological membranes, Biophys. J. 91
(2006) 2532–2542.
[52] I.A. Al-Nasser, Ibuprofen-induced liver mitochondrial permeability transition,
Toxicol. Lett. 111 (2000) 213–218.
[53] M.R. Repetto, M. Repetto, Therapeutic, toxic, and lethal concentrations of 73 drugs
affecting respiratory system in human ﬂuids, Clin. Toxicol. 36 (1998) 287–293.
[54] S.L. Winski, D.E. Carter, Arsenate toxicity in human erythrocytes: characterization
of morphologic changes and determination of the mechanism of damage,
J. Toxicol. Environ. Health A 53 (1998) 345–355.
[55] S. Svetina, D. Kuzman, R.E. Waugh, P. Ziherl, B. Zeks, The cooperative role of
membrane skeleton and bilayer in the mechanical behaviour of red blood cells,
Bioelectrochemistry 62 (2004) 107–113.
[56] M. Manrique-Moreno, P. Garidel, M. Suwalsky, J. Howe, K. Brandenburg, The
membrane-activity of ibuprofen, diclofenac, and naproxen: a physico-chemical
studywith lecithin phospholipids, Biochim. Biophys. Acta Biomembr. 1788 (2009)
1296–1303.
[57] M. Manrique-Moreno, J. Howe, M. Suwalsky, P. Garidel, K. Brandenburg,
Physicochemical interaction study of non-steroidal anti-inﬂammatory drugs
with dimyristoylphosphatidylethanolamine liposomes, Lett. Drug Des. Discovery
7 (2010) 50–56.
